Benzophenone-3 (aka BP-3, oxybenzone) is added to sunscreens, plastics and some coatings to 29 filter UV radiation. The suspected endocrine disruptor BP-3 has been detected in the air and 30 settled dust of homes and is expected to redistribute from its original sources to other indoor 31 compartments, including clothing. Given its physical-chemical properties, we hypothesized that 32 dermal uptake from clothing could contribute to the body burden of this compound. First, cotton 33 shirts were exposed to air at an elevated concentration of BP-3 for 32 days; the final air 34 concentration was 4.4 µg/m 3 . Then three participants wore the exposed shirts for 3 hours. After 35 this 3-h exposure, participants wore their usual clothing while collecting urine samples for the 36 next 48 hours. Urine was analyzed for BP-3 and a metabolite, BP-1, and six other UV filters. The 37 rate of urinary excretion of the sum of BP-1 and BP-3 increased for all participants during and 38 following the 3-hour exposure. The summed mass of BP-1 and BP-3 excreted during the first 24 39 hours attributable to wearing exposed t-shirts were 12, 9.9 and 82 µg for participants 1, 2 and 3 40 respectively. Analysis of these results coupled with predictions of steady-state models suggest 41 that dermal uptake of BP-3 from clothing could meaningfully contribute to overall body burden. 42 45 also added to plastics and coatings to reduce UV damage in industrial and consumer products 1 .
Urine sample collection. The participants collected the total volume of three consecutive first-144 morning urine voids, the first one on the morning prior to exposure (day 1). During the period 145 between the first-morning urination on the exposure day and the first-morning urination the 146 following day (day 2), they also collected the total volume of each spot urine voids separately. 147 Finally, during the period between the first-morning urination on day 2 and the first-morning 148 urination on day 3 they collected all spot urine voids as one pool (Figure 1 ). All urine samples 149 were collected in 1 L or 2.5 L polyethylene bottles. immediately before the start of the exposure period and five additional blood samples were 161 collected one hour apart over the next five hours after which the catheter was removed. 162 Additionally, blood samples were taken in the morning of day 2 and 3 by venipuncture of the 163 cubital vein (Figure 1 ). Blood samples were allowed to clot and serum was obtained by 164 The recovery for all analytes spiked in urine or serum in both spike levels was ≥90%, except for 180 5-chloro-2-hydroxybenzophenone (BP-7) at low (70%) and high (75%) spike levels in serum and 181 at both spike levels (>79%) in urine.
182
Air concentrations. Air samples were collected by drawing 10-20 L of air through sorbent tubes 183 containing Tenax-TA (Buchem, BV) with a calibrated sampling pump set at 0.1-0.2 L/min.
184
Three samples were taken from the shirt dosing chamber one day before the participant exposure 185 experiments, and a field blank was set aside for later analysis. The field blank was treated exactly between second morning urination and the last urination of the previous evening. To estimate the 210 mass excreted that is attributable to wearing the exposed t-shirt, the excretion mass rate was (Table S1 ). In either case, the shirt dosing chamber concentration was a significant fraction of 222 the saturation concentration under these conditions. During the human subject exposure 223 experiments, the air concentration in the breathing zone was below the limit of detection (0.3 224 µg/m 3 ).
225

Clothing extraction 226
The BP-3 concentrations in clothing are shown in Table 2 for an unworn shirt and for shirts after 227 they were worn by subjects. In all dosed shirt samples the concentrations were well above the 228 limit of detection, ranging from 61 to 132 µg/g. Participant 1 wore the shirt with the highest 229 average concentration and lowest relative standard deviation (RSD). The shirt concentrations 230 were about 40% lower for participants 2 and 3 but the RSD was much higher indicating that the here. The shirts in the current study were exposed to BP-3 at a concentration far greater than 237 those reported by Wan et al. 25 for air in buildings. To provide an approximate (order-of-238 magnitude) estimate of the anticipated concentrations in the shirts exposed to BP-3 in a residence 239 we first assume linear sorption, then we multiply the observed range in the current study (61 to Of the eight target analytes, only BP-1 and BP-3 were detected consistently in both first-morning 254 and spot urine. Major results for these two analytes are shown in Table 3 . The concentration of 3-255 benzylidene camphor (3-BC) was above detection limit in all samples from subject 1, suggesting a 256 unique source for that subject. All other analytes were below detection limits in most urine 257 samples (Supplementary Information, Table S3 ). exposure, suggesting that skin acts as a reservoir for BP-3 that accumulated during the 3 h that 306 BP-3 exposed shirts were worn. This is consistent with a recent study contrasting oral and 307 dermal uptake of bisphenol-A (BPA). After dermal exposure, Liu and Martin observed that 308 cumulative excretion increased linearly for 2 days, and half the participants still had detectable 309 urinary total BPA-d16 after 1 week. 49 The rates shown in Figure 3 are based on the urination that 310 takes place at the end of an averaging period. Therefore, the first urination after exposure is 311 averaged over the entire period since the previous urination, which took place prior to exposure.
312
This makes it appear that elevated excretion occurs prior to wearing shirts; this is instead an 313 artifact of the method. x-axis shows the elapsed time, with "0" indicating when the participant dons the exposed t-shirt, 317 i.e. start of exposure.
318
The summed masses of BP-1 and BP-3 (BP-3 equivalent) excreted during the first 24 hours 319 attributable to wearing exposed t-shirts were 11, 9.9 and 82 µg for participants 1, 2 and 3 320 respectively. We believe these values represent a lower-bound on the amount absorbed during 321 the experiment. This value only accounts for the first 24 h, whereas there is evidence that 322 excretion of BP-3 can occur for several days after exposure 11, 16 . Additionally, other metabolites 323 of BP-3 may not be accounted for with this method. Uptake by inhalation during the exposure is 324 estimated to be negligible. The air concentrations in the breathing zone were below detection 325 limits. Using the detection limit as the upper limit on the air concentration in the exposure 
328
It is apparent from the results shown in Table 3 and Figures 2-3 that participant 3 had 329 substantially larger dermal uptake of BP-3 than the other two participants. When corrected for 330 the pre-exposure excretion rates, participant 3's uptake is about 7-9 times greater than that of 331 participants 1 and 2. Gonzalez et al. 11 observed a wide range of excretion rates due to whole-332 body application of sunscreen containing BP-3 for 25 subjects (male and female); the highest 333 percent excretion was 7.3 times greater than the lowest. In our study, this difference is not due to 334 differences in dosing of BP-3 to the shirts since the concentration in the shirt worn by participant 335 3 was lower than that worn by participant 1 and similar to that worn by participant 2. Participant 336 3 was 24 and 15 years older than participants 1 and 2, respectively. In a previous study 337 examining dermal uptake of diethylphthalate and di(n-butyl)phthalate directly from air 23 , older 338 subjects had substantially greater uptake than younger subjects. The authors speculated that this 339 may have been due to the thinner stratum corneum and reduced lipid content of older skin 340 compared to younger skin 50 . The reduced lipid content may be especially important for lipophilic 341 compounds such as phthalate esters and BP-3. In support of this, BP-3 has been shown to 342 accumulate in adipose (lipid) tissue 51 .Additionally, the shirt worn by participant 3 had noticeable 343 amounts of dry skin flakes, whereas the other shirts did not. Participant 3 may suffer from dry 344 skin, which is known to compromise the skin's barrier function 52 .
345
The higher transdermal uptake of subject 3 may also indicate that he had a different skin type 346 than the other two participants. Filaggrin is an epidermal protein that is crucial for skin barrier 347 function. We have recently shown that carriers of a filaggrin gene (FLG) loss-of function 348 mutation have a significantly higher urinary excretion of several of the most common phthalate Serum concentrations of total BP-3 (sum of free and conjugated forms) are shown in Figure 4 . 365 We found conjugated BP-3 in almost all samples and free BP-3 in about half of the samples 366 ( Supplementary Table S3 ); the correlation between free and conjugated BP-3 was poor. BP-1 367 concentrations in the serum were below detection limits in all three participants. 4-HBP, a no correlation with BP-3, and it may derive from a different source. Total BP-3 was elevated 373 soon after initiating exposure, with concentrations peaking 2 -5 hours after putting on the shirts. 374 However, the impact of wearing BP-3 exposed shirts is not as obvious in blood samples as in the compound or its metabolites are eventually excreted. Because of these dynamics, it is 386 challenging to extrapolate the results of this 3h exposure to predict uptake associated with daily 387 residential exposure to BP-3 that has sorbed to clothing from indoor air. Since uptake had not 388 reached equilibrium, our observed excretion may be considered a lower-bound estimate of the 389 steady-state uptake under these conditions. The background-corrected excreted mass of the sum 390 of BP-3 and BP-1 during the first 24 h, normalized by shirt-covered surface area (0.5*BSA) and 391 dosing BP-3 air concentration (4.4 µg/m 3 ) ranges from 2.7 to 18 µg/(m 2 )/(µg/m 3 ) (Table 3 ). This 392 corresponds to a mass-normalized excretion rate of 52 to 330 ng/kg/hr. The steady-state uptake 393 from a shirt equilibrated with air in the dosing chamber, at a BP-3 concentration of 4.4 µg/m 3 , 394 can be estimated using the model described in Morrison et al. 57 . If the gap between skin and shirt 395 is 1 mm, the model predicts a steady-state BP-3 uptake of about 1000 ng/kg/h. Therefore, in only 396 a 3 h exposure, the mass (summed BP-1 and BP-3) excreted is 5-30% of the steady-state estimate 397 of BP-3 uptake; as noted earlier, the excreted mass is an underestimate of the mass absorbed.
398
The steady-state uptake model can be used to predict uptake of BP-3 from clothing that has 399 equilibrated with air in residences. Wan et al. 25 reported residential airborne concentrations that 400 ranged between 0.07 and 18 ng/m 3 . Here, we assume that a reasonable airborne concentration 401 range is ½ to twice the median reported concentration of 1.64 ng/m 3 (0.82 to 3.28 ng/m 3 ), which 402 is consistent with the range of exposure estimates provided in Wan et al. 25 Using the same 403 method as above 57 and an adult surface area to mass ratio of 0.025 m 2 /kg 58 , steady-state uptake 404 from equilibrated clothing is estimated to range between 8.8 to 35 ng/kg/day. This is similar to reported a mean urine concentration of 1.3 ng/ml in a Belgian population, which corresponds to 421 22 ng/kg/day using the same method. Overall, the observed uptake rates and model predictions 422 suggest that the clothing-enhanced dermal uptake route is competitive with other exposure 423 routes, especially for individuals that have intentionally avoided personal care products 424 containing UV filters.
425
For three male volunteers, wearing cotton shirts that had been exposed to airborne BP-3 resulted 426 in dermal uptake of this chemical as evidenced by BP-3 in their blood as well as both BP-3 and 
